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Coherent laser beams in the 3 to 20 µm region of the spectrum are most applicable for 
chemical sensing by addressing the strongest vibrational absorption resonances of the 
media. Broadband frequency combs in this spectral range are of special interest since they 
can be used as a powerful tool for molecular spectroscopy offering dramatic gains in speed, 
sensitivity, precision, and massive parallelism of data collection. Here we show that a 
frequency comb realized through subharmonic generation in an optical parametric 
oscillator (OPO) based on orientation-patterned gallium phosphide (OP-GaP) pumped by a 
Kerr-lens mode-locked 2.35-µm laser can reach a continuous wavelength span of 3–12 μm, 
thus covering most of the molecular ‘signature’ region. The key to achieving such a broad 
spectrum is to use a low-dispersion cavity entailing all gold-coated mirrors, minimally 
dispersive and optically thin intracavity elements, and a specially designed pump injector. 
The system features a smooth ultrabroadband spectral output that is phase coherent to the 
pump laser comb, 245 mW output power with high (>20%) optical conversion efficiency, 
and a possibility to reach close to unity conversion from a mode-locked drive, thanks to the 
non-dissipative downconversion processes and photon recycling. 
 
Introduction 
Mid-infrared spectroscopy provides rich and 
quantitative information on the the structure of 
matter in the gas, liquid, and solid phases, 
offering applications ranging from trace 
molecular sensing and environmental 
monitoring to the study of combustion 
dynamics, medical exhaled breath analysis, and 
nano-IR spectroscopy. Optical frequency 
combs in the mid-infrared (mid-IR) region are 
powerful photonic tools that can be used in the 
most advanced spectroscopic techniques, such 
as multi-heterodyne dual-comb spectroscopy 
enabling rapid, broadband and precise spectral 
analysis [1,2].  
A variety of approaches have been developed in 
the last decade to generate frequency combs 
across the mid-IR that include mode-locked 
Tm-doped fiber [3] and Cr:ZnS solid-state 
lasers [4], comb sources based on difference-
frequency generation (DFG) [5-15], intrapulse 
DFG (IDFG) [16-25], optical parametric 
oscillators (OPOs) [26-28], supercontinuum 
(SC) generation in fibers and waveguides  [29-
34], quantum cascade lasers (QCL) [35,36],  
interband cascade lasers (ICL) [37], 
microresonators (µ-res) [38-42], and electro-
optic modulation (EOM) [43].  
For multi-species spectroscopic detection, e.g. 
in medical breath analysis targeting a big 
variety of biomarkers simultaneously, one 
needs a spectrally broad comb with relatively 
flat spectrum and enough power to achieve a 
reasonable signal-to-noise ratio. Fulfilling these 
metrics simultaneously has been challenging. 
For example, mode-locked lasers operate only 
in the short-wavelength portion (λ<3 µm) of the 
mid-IR; the other techniques suffer from either 
low output power (µ-res), limited frequency 
span (DFG, OPO,  QCL, ICL, EOM combs), 
strongly uneven spectrum (SC, QCL, µ-res), or 
difficulty in referencing the optical frequency to 
the primary standards (QCL, ICL). There has 
been a number of recent reports on IDFG 
sources that combine Watt-level output with 
multi-octave instantaneous spectra in the mid-
IR [20, 21, 22, 24]. However, the output of 
those ultra-broadband sources does not 
constitute a single comb – rather it consists of 
several superimposed combs with different 
carrier–envelope offsets and most power 
concentrated near the wavelength of the driving 
laser. A diagram in Fig. 1 illustrates the most 
advanced, in terms of spectral span and the 
average power, comb generators across the 
mid-IR. 
 
Fig. 1. Frequency span and average power of selected frequency comb sources across the mid-IR. Dash-dotted 
lines represent IDFG spectra [20-24] that are composed of overlapping bands with different carrier–envelope offsets. 
Subharmonic optical parametric oscillators 
(OPOs) are noteworthy sources of mid-IR 
frequency combs [44-50], now widely used in 
spectroscopic studies [51,52], random number 
generators [53], coherent Ising machines [54], 
and in the study of solitons [55]. It is an ideal 
coherent frequency divider without any excess 
phase noise, which rigorously both down-
converts and augments the spectrum of a near-
IR pump frequency comb [56-59]. Its main 
benefits are low oscillation threshold, broad 
bandwidth, and excellent stability when 
actively locked for the doubly-resonant 
operation at degeneracy. It’s another advantage 
is high conversion efficiency from the pump 
laser that has been shown to exceed 50% [60].  
Here we report on a new approach to producing 
an optical subharmonic that allows to achieve 
by far the broadest ever obtained, in excess of 
75 THz, fully coherent optical frequency comb 
in the mid-IR at λ>3 µm. The comb consists of 
950,000 spectral components that share 
common offset and smoothly cover the mid-IR 
range from 3 to 12 µm. This was enabled by an 
unconventional long-wave pump, a minimally 
dispersive resonant cavity utilizing only 
metallic mirrors, and a way the pump beam is 
injected into the cavity. This design has allowed 
achieving a regime where the three-wave 
parametric processes are enhanced by the four-
wave interactions. We also developed a 
theoretical model that provides an insight into 
this new approach to generate multi-octave 
frequency combs with highly coherent smooth 
spectra, Watt-level output power, and 
conversion efficiency that can, in theory, 
approach unity. 
Setup  
The pump source (Fig. 2a) was a Kerr-lens 
mode-locked Cr2+:ZnS laser with 2.35-μm 
central wavelength, 1.2-W average power, 79-
MHz repetition frequency, and bandwidth-
limited pulse duration of 62 fs [19]. The bowtie 
ring OPO cavity was composed of gold-coated 
mirrors only. Two of these mirrors (M2 and 
M3) were parabolic with an off-axis angle of 
30° and 30-mm radius of curvature in the apex 
(effective focal distance 16 mm). The other two 
mirrors were flat (not shown are additional two 
pairs of folding mirrors used to reduce the 
footprint). To incouple the laser pump beam, 
we used a specially designed pump injector – a 
dielectric mirror inside the OPO cavity on a thin 
(0.5-mm) wedged (0.5° angle) ZnSe substrate. 
The coating on one side was such that the 
injector had high reflection (>90%) for the 
2.35-μm pump and high transmission for the 
OPO signal/idler waves (>90% at 3.5-7 μm and 
>50% at 2.8-12 μm, Fig. 3a). The second face 
of the injector mirror was antireflection coated 
for 3-12 µm. The injector introduced a minimal 
group delay dispersion (GDD) in the OPO 
cavity – mostly coming from the ZnSe substrate 
whose group velocity dispersion (GVD) is very 
small within the OPO span (zero GVD crossing 
of ZnSe is at 4.81 µm). The injector approach 
allowed using all gold-coated mirrors, thus 
minimizing the cavity loss over the whole OPO 
wavelength span. Another element, an uncoated 
ZnSe wedge (0.3-0.8 mm thick, 1° angle) was 
placed inside the cavity to (i) fine tune the net 
intracavity GDD and (ii) vary the OPO cavity 
outcoupling via Fresnel reflection. A broad-
bandwidth parametric gain was provided by a 
thin, 0.5-mm-long, orientation-patterned 
gallium phosphide (OP-GaP) –  a newly 
developed quasi-phase matched (QPM) 
nonlinear crystal with an indirect bandgap of 
2.26 eV, second-order nonlinear coefficient 
d14=35 pm/V [61], and wide transparency range 
of 0.55–13 µm [28]. The crystal had a QPM 
reversal period of Λ=110 µm, designed for 
subharmonic generation from the 2.35-µm 
pump, and was placed at the Brewster’s angle 
(71°). Inside the crystal, the beams propagated 
along <1"10 > and were co-polarized along 
<111> crystallographic direction. With its zero 
GVD crossing at λ≈4.8 µm, combined with 
small length, the OP-GaP provided  a two-
octaves-wide gain bandwidth and introduced 
minimum GDD. Fig.3a plots the injector 
transmission and the normalized OP-GaP 
parametric gain vs. wavelength, while Fig. 3b 
shows a computed extra phase accumulated per 
cavity roundtrip due to high-order (≥3) 
dispersion in the cavity; also shown are 
contributions from individual elements. 
 
 
 
Fig. 2. Subharmonic OPO schematic. a, The ring-cavity OPO is synchronously pumped by a mode-locked Cr:ZnS 
oscillator. M2, M3, parabolic gold-coated mirrors. M1, M4, flat gold-coated mirrors. PZT,  piezoelectric transducer 
for tuning the cavity length. b, Transmission of the focused 2.35-µm pump radiation as a function of the distance of 
a sample from the focus: a comparison between OP-GaP and OP-GaAs crystals. c, The OPO output power versus 
outcoupling strength. The solid curve is a trace for the eye. 
 
To evaluate the role played by multi-photon 
absorption (MPA) at our level of pump 
intensities, we performed simple open-aperture 
z-scan measurement and compared the 
nonlinear absorption for the OP-GaP with that 
of another advanced mid-IR nonlinear material, 
an orientation-patterned gallium arsenide (OP-
GaAs, bandgap 1.42 eV, d14=94 pm/V). Fig. 2b 
shows variation of the transmission as the 
samples (both 0.5-mm-long, placed at the 
Brewster’s angle) were translated through a 
2.35-µm beam focus, with the peak intensity 
inside crystals reaching 52 GW/cm2. While, for 
the OP-GaAs we observed a 60% transmission 
dip due to 3-photon absorption (3PA), in good 
accordance with its bandgap and 3PA 
coefficient of 0.35 cm3⁄ GW2 [62, 63], we 
measured only a 1.5% dip for the OP-GaP. 
More detailed MPA studies (to be published 
elsewhere) indicate that the dominant nonlinear 
loss mechanism in the OP-GaP at 2.35 µm is 5-
photon absorption, with an estimated 5PA 
coefficient of ~2.6´10-6 cm7/GW4. The key 
result here is that at our level of pumping MPA 
plays a minor role in gallium phosphide. 
 
 
Fig. 3.  The OPO cavity characteristics and the spectrum. a, Injector transmission and normalized parametric 
gain vs. wavelength. b, Computed extra phase per cavity roundtrip (black) and contribution of separate elements: 
OP-GaP (blue) and injector plus ZnSe tuning wedge (red). The asterisks indicate the spectral points where the extra 
phase acquires multiples of 2π. c, A combined spectrum including the OPO spectrum (red), the original (incoming) 
spectrum of the pump (gray), and modified pump spectrum plus sum frequency (black). The simulated overall 
spectrum is shown in blue. The ripples near 2.7 µm are due to water absorption in the atmosphere. Inset: simulated 
time-domain profiles for the E-field and intensity of the OPO pulse (see Methods). 
 
Results 
Sub-harmonic comb spectrum 
Since the OPO is doubly resonant, it only 
oscillates within discrete bands of the cavity 
length. Each band has a width that is a fraction 
of the pump wavelength, and adjacent bands are 
separated by approximately the pump 
wavelength (2.35 µm) in terms of the roundtrip 
cavity-length [56]. Fig. 4a shows the measured 
spectrum as a function of the cavity-length 
detuning. The OPO operated in a mode, where 
a piezo actuator attached to one of the mirrors 
was driven with a linear ramp, tuning the OPO 
length sequentially through several resonances 
over ~ 20 µm. The spectrum was measured with 
a grating monochromator and a mercury 
cadmium telluride (MCT) detector operating at 
77 K, with 12-µm cut-off. Fig. 4b presents a 
simulation (see Methods) that included all 
possible three- and four-wave interactions 
inside the OP-GaP crystal, while Fig. 4c shows 
a simulation that took into account only three-
wave interactions. 
A continuous OPO operation was achieved by 
locking the cavity length (via dither-and-lock 
technique [45]) to a resonance that produced the 
broadest spectrum (second stripe from top in 
Fig. 4a). By further tuning the cavity dispersion 
via adjusting the thickness of the ZnSe wedge, 
a two-octave wide spectrum, 3-12 µm (at -37 
dB level), was achieved (Fig. 3c).  
 
Fig. 4. Color-coded intensity spectrum vs. cavity length detuning. a, Experimental spectrum b, Simulated spectrum 
with both χ(2) and χ(3) included. c, Simulated spectrum with only χ(2) included. The top stripes correspond the 
subharmonic OPO regime, while the lower ones correspond to the non-degenerate regime with distinct signal and idler 
bands. 
To assess the spectrum at shorter waves, the 
OPO output was coupled to a single-mode fiber 
connected to optical spectrum analysers 
(Yokogawa AQ6376 for the 1.5–3 µm range; 
Agilent 86142B for the 1–1.5 µm range) with 
the resolution set to 2 nm. One can see that the 
spectrum of the pump laser (Fig. 3c, black 
curve) is broadened with respect to the initial, 
incoming, spectrum (gray curve) – a result of 
the frequency back conversion from the OPO. 
The spectrum at λ< 2 µm was produced via 
parasitic sum-frequency (SF) generation in the 
OP-GaP, between the pump and the OPO 
waves. The oscillations in the SF spectrum at 
1.5 –2 μm are due to the fact that the OPO 
cavity is partially resonant here (Fig. 3a). 
However, due to large cavity GDD in this 
range, the roundtrip phase experiences rapid 
variations with wavelength (Fig. 3b), with 
peaks observed when the phase is a multiple of 
2π (as indicated by the asterisks in Fig. 3b). For 
the same reason, the spectral peaks appear in 
the longwave portion of the spectrum, at 9.8 µm 
and 11.8 µm, – where the accumulated extra 
phase reaches 2π and 4π respectively. The 
simulated spectrum shown in Fig. 3c (blue 
curve) accounts well for the observed 
phenomena – both in the long-wave and short-
wave portions of the spectrum 
It appears that, in addition to χ(2), the cubic 
nonlinearity χ(3) in the OP-GaP importantly 
contributes to the OPO spectral broadening. In 
fact, because of the high value of nonlinear 
refraction for GaP (an estimated mid-IR value 
n2=1.9x10-18 m2/W, see Methods) and high 
circulating peak OPO intensity inside the OP-
GaP crystal, of the order of 𝐼%&'~ 100 GW/cm2, 
the dynamic phase shift induced by self-phase 
modulation (SPM) can reach the value of ∆𝜑 =+,- 𝑛+𝐼%&'𝑙 = 1.3	𝑟𝑎𝑑 (here λ is the center OPO 
wavelength, and l is the length of the crystal). 
This is consistent with our experimental 
observations; for example, when the OPO is 
operating in a non-degenerate mode (bottom of 
Fig. 4a), one can see that the horizontal stripes 
corresponding to the signal wave on the blue 
side of the spectrum are broader than those for 
the idler wave. This is contrary to what might 
be expected from the 3-photon process: the 
widths of the stripes (in frequency units) should 
be identical because the photons are created in 
pairs with their frequencies equally spaced from 
the degeneracy point. The asymmetry can be 
attributed to the SPM-induced spectral 
broadening; the latter is proportional to the 
midpoint frequency and thus is larger for the 
signal wave. The simulated spectra of Fig. 
4(b,c) support this idea – one can see that the 
asymmetry of the non-degenerate spectrum 
appears only when 𝜒(8) effects are turned on 
(Fig. 4b). Yet another χ(3) effect – four wave 
mixing (FWM) – contributes to the expanding 
and smoothening of the long-wave portion of 
the OPO spectrum. In fact, for the degenerate 
FWM process	2𝜔< = 	𝜔8 + 	𝜔>, the phase 
matching condition 2𝑘< = 𝑘8+𝑘> + 2𝛾𝑃 [68] 
can be satisfied in the OP-GaP, thanks to its 
weak anomalous dispersion at >4.8 µm (here 𝜔B 
are angular frequencies, 𝑘B are wavevector 
modules, 𝛾 = 𝑛+𝜔/𝑐𝐴FGG is the nonlinear 
FWM parameter, c is the speed of light, 𝐴FGG is 
an effective beam area, and P is the peak power 
of the beam at	𝜔<). For example, an energy 
transfer from the 6-µm part of the OPO 
spectrum to the weaker 11-µm portion through 
the above FWM process with 	𝜔< = 2𝜋𝑐/(6µ𝑚), 	𝜔8 = 2𝜋𝑐/(11µ𝑚), and 	𝜔> = 2𝜋𝑐/(4.5µ𝑚) satisfies the phase matching 
condition. These effects are automatically 
included in our simulations (see Methods). 
To optimize the OPO output power, we 
measured it as a function of the outcoupling 
strength by varying the angle of the ZnSe 
wedge (Fig. 2a). The average output power 
reached 245 mW (Fig. 2c) in two Fresnel 
reflections from the wedge at 26% outcoupling 
(combined from its two surfaces). The OPO 
pump threshold was 55 mW for 3.4% 
outcoupling and 250 mW for 26% outcoupling. 
A typical pump depletion was as high as 83%. 
Validation of the comb coherence 
To verify that the subharmonic OPO output is a 
single coherent comb, we performed beatnote 
measurements in the radiofrequency (RF) 
domain. Fig. 5a shows a combined spectrum 
– that of the OPO, the pump laser, SF, and 
second harmonic (SH) of the pump. First, we 
observed f-to-2f beat notes within the OPO 
spectral span, in the region of the overlap 
between the second harmonic of the 7-µm 
portion, produced parasitically in the OP-GaP 
crystal, and the OPO fundamental frequency at 
3.5 µm (Fig. 5a), by using an InSb (77K, 60 
MHz) photodetector and a bandpass (3.5±0.25 
µm) filter. The beat note signal recorded with 
an RF spectrum analyzer showed the beat note 
30 dB above the noise floor. It 
straightforwardly reveals the carrier envelope 
offset (CEO) frequency of the OPO, since 𝑓PF&Q = 2𝑓RFSTUT − 𝑓RFSTUT = 𝑓RFSTUT (Fig. 5b). The 
width of the beat note peak (~3 MHz at -3 dB) 
was somewhat broader than typically observed 
in such measurements. This was the result of 
the fluctuating offset frequency of the pump 
laser caused in turn by a modulated output of a 
multi-longitudinal-mode fiber laser used to 
pump the Cr:ZnS crystal. The beat note 
frequency was not random but rather dependent 
on the Cr:ZnS laser regime, e.g. on air humidity 
inside the laser cavity. As an additional proof 
that the beat notes are related to the CEO 
frequency of the OPO, we repeated the beat 
measurements at a neighboring OPO cavity-
length resonance. Since the subharmonic OPO 
acts as a coherent frequency divider [57], the 
CEO frequency for the adjacent cavity-length 
resonances toggles between the two values 
[56]: 𝑓RFSTUT = <+ 𝑓W  and  𝑓RFSTUT = <+ 𝑓W ± <+ 𝑓Y,     (1) 
where 𝑓W is the CEO of the pump laser and 𝑓Y is 
the pulse repetition frequency. The beat notes 
corresponding to these two scenarios are shown 
in Fig. 5b and obey Eq. (1), namely the 
observed RF peaks are shifted by <+ 𝑓Y with 
respect to each other.  
 Fig. 5. Detection of RF beatnotes. a, Near-IR to mid-
IR spectrum, taken with optical spectrum analyzers 
(Agilent 86142B and Yokogawa AQ6376) and a grating 
monochromator, which includes the spectrum of the 
OPO, of the pump, of the sum frequency (SF), and of 
the second harmonic (SH) of the pump. The arrows 
indicate the regions where RF beatnotes were recorded. 
b, RF spectrum showing f-to-2f beatnotes between the 
3.5-µm and frequency doubled 7-µm portions of the 
OPO spectrum. c, beatnotes between the overlapping 
SH and SF at 1.3 µm. The blue and red curves in (b,c) 
correspond to the two neighboring cavity-length 
resonances. The inset shows the OPO modes 
extrapolated to zero frequency for the two adjacent 
cavity resonances.
Similarly, we used a spectral portion around 1.3 
μm to detect beat notes in the region of spectral 
overlap between SH and SF frequencies (Fig. 
5c). We used an InGaAs detector with a 
longwave cutoff 1.7 µm combined with a long-
pass filter (λ > 1.25 µm) to reject the bulk of SH 
peak. The beat frequency here is related to 𝑓RFSTUT 
through the equation:  𝑓PF&Q = 2𝑓S − (𝑓W + 𝑓RFSTUT) = 𝑓W − 𝑓RFSTUT   (2) 
From eq. (1-2) we see that there are two 
possibilities for the beatnote: 𝑓PF&Q = <+ 𝑓W or 𝑓PF&Q = <+ 𝑓W ± <+ 𝑓Y. Again, by switching to 
neighboring OPO cavity-length resonances, we 
were able to observe beatnotes shifted by <+ 𝑓Y 
from each other (Fig. 5c). 
 
Conclusion 
We achieved a frequency comb spanning from 
3 to 12 µm (with 12 µm being the longwave 
cutoff of our detector) with a smooth spectral 
distribution, the output power of 245 mW, and 
conversion efficiency that exceeds 20% from 
the 2.35-µm driving laser. The key to getting 
such a broad spectrum was the use of a 
subharmonic OPO with an unconventional 
long-wave mode-locked pump and a minimally 
dispersive cavity (with zero second-order net 
GDD) through using (i) all-gold-coated 
mirrors, (ii) a pump injector, and (iii) 
intracavity elements, including the OP-GaP 
nonlinear crystal, with zero GVD near the OPO 
midpoint frequency. Our theoretical analysis 
and simulations show that hyperparametric 
processes due to χ(3) in the OP-GaP 
substantially contribute to broadening the 
spectrum. It is important that these processes 
preserve coherence of the OPO comb, which 
was confirmed through detecting RF beats in 
different portions of the spectrum. Finally, a 
fully stabilized frequency comb based on a 
Cr:ZnS Kerr-lens mode-locked laser with the 
capability of referencing to the primary 
frequency standards has recently been reported 
[4]. Since a subharmonic OPO is a coherent 
frequency divider, this opens up the possibility 
of direct linking the whole ultra-broadband 
mid-IR comb to the absolute frequency scale. 
Last but not least, due to a non-dissipative 
nature of the χ(2) and χ(3) processes involved and 
the total photon recycling, very high, 
approaching 100%, conversion efficiency from 
the mode-locked driving oscillator to its 
subharmonic might be expected in future. This 
is also supported by the fact that we routinely 
observe pump depletion in excess of 80%. The 
ultrabroadband subharmonic OPO system can 
be used as a powerful new photonic tool in a 
plethora of metrological and spectroscopic 
applications. 
We acknowledge support from the Office of 
Naval Research (ONR), grants number 
N00014-15-1-2659 and N00014-18-1-2176. 
 
Methods 
Nonlinear single-wave propagation model of 
the OPO 
To simulate the evolution of the OPO pulses, 
we used an approach based on the nonlinear 
wave equation in the frequency domain [64-
66]. This equation treats all the interacting 
waves, including the OPO, the pump, SF, and 
SH, as a single field and describes the dynamics 
of the electric field rather than that of the 
envelope. Compared to the conventional 
approach that uses a set of coupled-wave 
equations with distinct frequency bands, this 
method is more suitable to simulate our 
ultrabroadband subharmonic OPO for the 
reasons that (i) there are several overlapping 
spectral bands, e.g. between the pump laser and 
the OPO, and (ii) the nonlinear crystal can 
provide simultaneous phase-matching for 
multiple 𝜒(+) (including cascading) and 𝜒(8) 
(intensity-dependent phase and four-wave 
mixing) nonlinear processes. Assuming that all 
the interacting waves are co-polarized, and 
under plane-wave approximation, the evolution 
of the circulating electric field in the nonlinear 
medium is described in the frequency domain 
as follows [66]: Z[\(],^)Z] + 𝑖𝑘(𝜔)𝐸\(𝑧, 𝜔) =−𝑖 ^b+cdRbe(^) 𝑃\fg(𝑧, 𝜔),               (1M) 𝑃\fg(𝑧, 𝜔) = 𝜖Wi𝜒(+)ℱ{𝐸(𝑧, 𝑡)𝐸(𝑧, 𝑡)} +𝜒(8)ℱ{𝐸(𝑧, 𝑡)𝐸(𝑧, 𝑡)𝐸(𝑧, 𝑡)}n,           (2M) 
 
where 𝐸(𝑧, 𝑡) is the time-domain E-field, 𝐸\(𝑧, 𝜔) is the frequency-domain E-field, 	𝑃\fg(𝑧, 𝜔)	is the nonlinear polarization in the 
frequency domain,  𝑘(𝜔) is the wavevector 
module in the medium, c is the speed of light in 
vacuum, 𝜖W is the vacuum dielectric 
permittivity,  ℱ{	} represents Fourier transform, 
and 𝜒(+) and 𝜒(8) are quadratic and cubic 
nonlinear susceptibilities, respectively. The 
dispersion Re[𝑘(𝜔)]	in the nonlinear medium 
(GaP) is rigorously calculated from its 
refractive index data [67]. The set of equations 
(1M-2M) can be numerically solved by the 
split-step Fourier method [68]. For each 
propagation step of Δ𝑧, the computing switches 
between the time and frequency domain to 
account for nonlinear interaction and linear 
propagation, respectively. At the exit of the 
nonlinear crystal (𝑧 = 𝑙), the pulse proceeds to 
the linear propagation in the cavity introducing 
only dispersion and loss. The feedback loop is 
closed after the full roundtrip in the cavity, at 
the entrance of the nonlinear medium, 𝑧 = 0, 
where a new pump field is added: 𝐸\(%)(0, 𝜔) = t𝑅Bvw(𝜔)𝐸\xy +t𝑇Bvw(𝜔)√1 − 𝑙𝑜𝑠𝑠	𝑒B(^)𝐸\(%<)(𝑙, 𝜔).  (3M) 
Here m is the roundtrip number, 𝑅Bvw(𝜔) is the 
intensity reflection and 𝑇Bvw(𝜔) transmission 
coefficient of the injector, loss is the net 
intensity roundtrip loss (wavelength-
independent) in the cavity – from the 
outcoupling wedge, gold mirrors, scattering, 
etc., and ϕ(ω) is an extra phase per roundtrip 
due to the cavity-length mismatch and GDD of 
the intracavity elements (other than the 
nonlinear medium). A quantum noise (one 
photon per mode) was added as an initial input 
to start the parametric process. For our 
simulation we assumed that the incoming pump 
is a bandwidth-limited hyperbolic-secant pulse 
with a full-width half-maximum (FWHM) 
duration of 62 fs and zero carrier-envelope 
offset. The cross-section-averaged peak 
intensity of the pump inside the nonlinear 
crystal was set to 50 GW/cm2. For the nonlinear 
refraction	𝑛+ of GaP, we took the value of 1.9 × 10<	m+/W, based on 𝑛+ = 7 ×10<	m+/W measured at λ=1.04 µm [69] 
scaled to λ≈4.7 µm using the scaling law 
derived from the two-band model of a 
semiconductor [70]. Our simulation agrees well 
with experimental data, including the OPO 
spectrum, the modified (when the OPO is 
operating) spectrum of the pump, and the 
spectrum of the sum frequency (Figs. 3-4). The 
simulated pump depletion of 79% is close to the 
experimental of 83%. The model predicts that 
the average power of the circulating OPO pulse 
is 1–2 times higher (depending on the 
outcoupling loss) than that of the incoming 
pump power. Also, the inset to Fig. 3c shows 
the simulated time-domain profiles for the 
electric field and intensity of the OPO 
waveform suggesting pulse duration of ≈ 20 fs.  
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